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slow recruitment in ventilated ARDS patients. Electrical impedance tomography may be an
appropriate tool to assess recruitment and oxygenation status in patients with changes in PEEP.
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The use of positive end-expiratory pressure (PEEP) is an
important tool currently under evaluation in the manage-
ment of mechanically ventilated patients with acute res-
piratory distress syndrome (ARDS).1e3 According to fraction
of inspired oxygen (FiO2) level, a higher or lower PEEP can
be selected,2,3 and changes in arterial blood gas following
PEEP can be used to define the severity of ARDS.4 It has
been shown that following a decrease in PEEP, PaO2, PaO2/
FiO2 (P/F ratio), venous admixture, and arterial oxygen
saturation rapidly reach equilibrium after 5 minutes.5
However, equilibrium was not reached even after 60 mi-
nutes in an incremental PEEP trial.5 The mechanisms un-
derlying this lack of equilibrium are not clear, although
slow recruitment may be a possible explanation.5 The delay
in equilibrium between an increase in PEEP and oxygena-
tion status is an important issue, as current severity as-
sessments of ARDS depend on the value of the P/F ratio.4
Electrical impedance tomography (EIT) is a well-
established technique for generating cross-sectional
impedance images of the lung.6 As changes in lung air
content during breathing constitute the principal cause of
differences in impedance, ventilation status can be
instantly measured without any radiation exposure using
EIT.6 In addition, end-expiratory lung volume (EELV), which
reflects the recruitmentederecruitment of the lung, can be
monitored by breath-by-breath end-expiratory lung
impedance change (DEELI).6 EIT is already used to calculate
the distribution of alveolar collapse and hyperdistension
during decreased PEEP in ventilated ARDS patients7 and is
expected to become an important bedside tool to monitor
and guide ventilator therapy.8
Although EIT has already been used to monitor ARDS
patients during empirical PEEP titration, standard PEEP
titration involves acute changes over 2e4 minutes.7 Pro-
longed EIT monitoring following PEEP changes has rarely
been reported. A protracted oxygenation effect in ARDS
patients following PEEP elevation has been reported;
however, the underlying mechanisms remain unclear. We
thus conducted the current EIT study to investigate the
possible mechanisms underlying changes in oxygenation
status following PEEP elevation. We aimed to elucidate the
relationship between changes in regional lung impedance,
DEELI, and changes in oxygenation-related indices.Patients and methods
From October 2013 to July 2014, all admitted ventilated
patients who were older than 18 years and fulfilled the
diagnostic criteria of ARDS according to the Berlin definitionwere enrolled. Exclusion criteria were patients with: (1)
metallic materials in the body (including wires, pins, or
implanted electrical devices); (2) cutaneous diseases that
prohibited the application of electrode leads on the body;
(3) chronic obstructive pulmonary diseases; (4) unstable
hemodynamics (including shock and malignant hyperten-
sion); (5) proven barotrauma (including pneumothorax and
pneumomediastinum); (6) pregnancy; (7) diseases charac-
terized by increased intracranial pressure; and (8) family
who refused to provide informed consent. The Ethics
Committee of National Cheng Kung University Affiliated
Hospital approved this study.
Study protocol
All patients were ventilated with a Dra¨ger Evita-4 or Evi-
taXL ventilator (Dra¨gerwerk AG, Lubeck, Germany) and
received standard low-tidal volume ventilator therapy
(6e8 mL/kg ideal body weight). In addition, all patients
were sedated, and received pain control and muscle re-
laxants to facilitate the most appropriate ventilator ther-
apy. Following a 2-minute recruitment maneuver (pressure
control level: 45 cmH2O; PEEP: 5 cmH2O; respiratory rate:
10/min; inspiratory/expiratory ratio: 1/1),5 patients were
maintained on a baseline PEEP level according to either the
ARDSNet trial or LOVS trial2,3 (PEEPB, 8e14 cmH2O) for 1
hour. Adjustments of FiO2 and minute ventilation main-
tained the oxygen saturation above 95% and an end-tidal
CO2 level of 30e50 mmHg, respectively. Thereafter, the
PEEP level was decreased to 4 cmH2O lower than baseline
(PEEPL) for 30 minutes and then to 4 cm H2O higher than
baseline (PEEPH) for 1 hour. Arterial blood gas was
measured at seven time points: baseline, PEEPL at both 5
minutes and 30 minutes, and PEEPH at 5 minutes, 15 mi-
nutes, 30 minutes, and 60 minutes. Throughout the treat-
ment, the tidal volume and respiratory rate were kept
similar with adjustments of the pressure control level. The
respiratory parameters and impedance were recorded
throughout the treatment. Fig. 1 shows the representative
changes in impedance.
Measurement of respiratory system impedance
using EIT
We used a commercial EIT monitor (PulmoVista 500; Dra¨ger
Medical GmbH, Lubeck, Germany) for measurements of
respiratory system impedance. An electrode belt with 16
equally spaced electrodes was placed around the patient’s
thorax at the level of the fourth to fifth intercostal space.
Impedance data were acquired by applying an adjacent
current injection and a finite element method-based,
linearized NewtoneRaphson reconstruction algorithm.
Figure 1 Airway pressure (Paw) changes and concomitant
changes in total impedance.
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played the functional EIT images, that is the relative
impedance changes, including tidal ventilation and EELI
changes. During the study phases, EIT data were registered
at 20 Hz, filtered (35/min), and stored for offline analysis
(Fig. 2).Figure 2 Changes in distribution of regional lung impedance duri
consists of 32 pixels  32 pixels. Pixels with high impedance change
are displayed in blue. These images were obtained at the end of p
PEEP (PEEPL), and high PEEP (PEEPH). From PEEPB to PEEPL, the ven
PEEPH, the ventilation tended to increase in the dorsal region.Offline analysis
The recorded EIT data were extracted using Matlab (Math-
Works Inc., Natick, MA, USA). The cut-off value for the
region of interest (lung area) boundary was 20% of the
global linear regression coefficient change within the area
throughout the recording course.9e11 The region of interest
was divided into four approximately equal layers along the
ventrodorsal axis and represented as Zones 1 (ventral), 2
(midventral), 3 (mid-dorsal), and 4 (dorsal). For each of the
seven time points, regional and global tidal impedance
changes and DEELI were averaged over 1-minute durations.
Statistical analysis
Data are shown as the mean  standard deviation. Compari-
sons between physiological parameters were tested with
repeated-measures analysis of variance, followed by Bonfer-
ronipost hocmultiple comparison tests. Correlations between
two parameters were performed using a two-tailed Spearman
correlation test and mixed-effect model analysis. Statistical
significance was set at p < 0.05. All statistical analyses were
performed using GraphPad Prism version 5 (GraphPad Soft-
ware, San Diego, CA, USA) and SAS (Cary, NC, USA).
Results
During the study period, 28 patients fulfilled the Berlin
criteria of ARDS, and nine were excluded for the following
reasons: one patient’s family refused to provide consent for
the study, three patients did not receive EIT due to
persistent hemodynamic instability, three patients did not
receive EIT due to rapid improvements leading to discon-
tinuation of muscle relaxants, one patient had excessive
airway secretion that interrupted the study, and one pa-
tient had hemodynamic instability during the recruitmentng the recordings. The electrical impedance tomography image
s are displayed in white and pixels with low impedance changes
ositive end-expiratory pressure (PEEP) at baseline (PEEPB), low
tilation tended to increase in the ventral region. From PEEPL to
198 C.-F. Hsu et al.maneuver that interrupted the study. The remaining 19
patients were entered for analysis. The demographic and
clinical characteristics of these patients are shown in Table
1. Seven cases had mild ARDS, 11 cases had moderate ARDS,
and one patient had severe ARDS at the time of EIT. The in-
hospital mortality rate was 47%.
Changes in ventilator parameters and mean
impedance with PEEP level
The average PEEP levels during the study were
11.0  1.8 cmH2O at PEEPB, 7.0  1.8 cmH2O at PEEPL, and
14.8  1.8 cmH2O at PEEPH. The pressure control levels
were 15.1  1.8 cmH2O at PEEPB, 14.8  1.4 cmH2O at
PEEPL, and 17.8  2.3 cmH2O at PEEPH. The tidal volumes
were 412.2  41.8 mL at PEEPB, 409.2  43.5 mL at PEEPL,
and 411.2  43.2 mL at PEEPH. The corresponding tidal
impedance changes were 2988  1089 arbitrary units (AU)
at PEEPB, 2794  1118 AU at PEEPL, and 3126  1075 AU at
PEEPH. The PaCO2 levels were 47.8  7.1 mmHg at PEEPB,
49.8  8.5 mmHg at PEEPL, and 49.1  8.3 mmHg at PEEPH.
There were no significant differences in tidal volume or
PaCO2 between different PEEP levels, but changes in
impedance were significantly lower at PEEPL compared with
either PEEPB or PEEPH (p < 0.05).
Changes in P/F ratio and DEELI with PEEP level and
time
The P/F ratio decreased at PEEPL and increased following
PEEPH. A similar pattern was noted in DEELI (Fig. 3).Table 1 Demographic and clinical characteristics of the study
Patient Age (y) Sex Diagnosis
1 69 M Aspiration pneumonia, lung cancer
2 92 M ORSA bacteremia with pneumonia, dem
3 62 F Pneumocystis jirovecii pneumonia, lung
4 50 M Cryptococcis neoformans bacteremia w
pneumonia, DM
5 91 M Pneumonia, DM
6 50 F SLE, P. jirovecii pneumonia
7 81 F Pneumonia
8 37 M Influenza A pneumonia
9 63 M Liver abscess with pneumonia, DM, stro
10 41 M Chryseobacterium meningosepticum ba
and pneumonia, liver cirrhosis
11 81 M Pneumonia, cirrhosis, DM
12 80 M Influenza A pneumonia
13 56 M Cirrhosis, hepatoma, pneumonia
14 76 M Pneumonia, dementia
15 51 M Pneumonia, bladder cancer
16 73 M Acute cholecystitis
17 66 M Pneumonia, lung cancer
18 77 M Pulmonary tuberculosis
19 56 M P. jirovecii pneumonia, lymphoma
D Z death; DMZ diabetes mellitus; F Z female; M Z male; MV Z m
aureus; PEEP Z positive end-expiratory pressure; S Z survival; Vt ZProgressive time-related increases in the P/F ratio were
seen within PEEPH, with a significantly higher DEELI at
PEEPH60 than at PEEPH5. A significantly higher DEELI was
also noted at PEEPH60 than at PEEPH5.
Changes in regional lung ventilation and DEELI with
PEEP level
At different PEEP levels, ventilation shifted from dorsal to
ventral with PEEPL and from ventral to dorsal with PEEPH.
However, there were no significant shifts in regional
ventilation once the PEEP level had been applied for 5
minutes (Fig. 4). Regional DEELI also stabilized after a
particular PEEP level had been applied for 5 minutes.
However, significant differences were noted between
different PEEP levels (Fig. 5).
Correlation between P/F ratio and DEELI
A significant correlation was found between P/F ratio and
DEELI in the mixed-effect model analysis (p < 0.001), with
16 of 19 cases showing a significant correlation on an indi-
vidual basis. A composite plot is shown in Fig. 6.
Discussion
There were several interesting findings in the current study.
First, regional ventilation changes at different PEEP levels
were noted, with the dorsal area receiving more ventilation
with increasing PEEP level, and regional impedance
changes quickly attaining a steady state with PEEP changespatients.
Days
on MV
Baseline FiO2/PEEP
(cmH2O)
Vt
(mL/kg)
Hospital
mortality
2 0.5/11 8.3 S
entia 2 0.45/8 6.1 D
cancer 3 0.65/12 7.4 S
ith 4 0.7/10 6.8 S
2 0.45/10 7.2 S
8 0.75/14 7.4 D
2 0.55/12 7.3 S
2 0.6/14 8.1 S
ke 9 0.6/12 7.2 D
cteremia 6 0.8/12 6.7 S
5 0.45/9 7.1 D
3 0.55/8 6.5 S
5 0.45/11 7.6 D
4 0.5/11 5.9 D
4 0.6/9 7.0 D
4 0.6/9 5.9 S
2 0.5/9 6.1 D
8 0.55/12 6.5 D
3 0.45/10 6.3 S
echanical ventilation; ORSAZ oxacillin-resistant Staphylococcus
tidal volume.
Figure 3 Changes in PaO2/fraction of inspired oxygen (P/F) ratio and end-expiratory lung impedance (DEELI) with positive end-
expiratory pressure (PEEP) level. For the P/F ratio, there were significant differences (p < 0.05) between high PEEP (PEEPH) and
low PEEP (PEEPL), PEEP at baseline (PEEPB) and PEEPL30, PEEPB and PEEPH30 and PEEPH60. A significant difference (p < 0.05) was
also found between PEEPH5 and PEEPH60. For DEELI, there were significant differences between PEEPH and PEEPL, PEEPB and
PEEPL, and PEEPB and PEEPH. There was also a significant difference (p < 0.05) between PEEPH5 and PEEPH60.
Electrical impedance tomography study for ARDS 199but DEELI persistently increasing with increasing PEEP,
even after 60 minutes. Second, arterial oxygenation and
DEELI level with PEEPH were significantly higher at 60 mi-
nutes than at 5 minutes. In addition, changes in the DEELIFigure 4 Regional lung ventilation distribution with positive en
dorsal area with increasing PEEP. There were significant differences
PEEP at baseline (PEEPB) and low PEEP (PEEPL), PEEPB and high P
differences among individual PEEP levels (within PEEPH or PEEPL).level correlated significantly with the P/F ratio, suggesting
that changes in EELV (namely, functional residual capacity)
are responsible for the prolonged effects of PEEPH on
oxygenation.d-expiratory pressure (PEEP) level. Ventilation shifted to the
(all p < 0.05) in regional lung ventilation (Zones 1e4) between
EEP (PEEPH), and PEEPH and PEEPL. There were no significant
Figure 5 Regional end-expiratory lung impedance change (DEELI) with positive end-expiratory pressure (PEEP) level. There were
significant differences in tidal DEELI between PEEP at baseline (PEEPB) and PEEPH, PEEPB and low PEEP (PEEPL), and high PEEP
(PEEPH) and PEEPL. However, no differences were found in DEELI between individual PEEP levels (within PEEPL or PEEPH).
Figure 6 Correlation plot between arterial oxygenation and
end-expiratory lung impedance change (DEELI) in 19 cases;
r2Z 0.5097, p < 0.0001. P/F ratioZ PaO2/fraction of inspired
oxygen.
200 C.-F. Hsu et al.It is known that the vertical gradient in transpulmonary
pressure is of physiological and clinical relevance.12e14 The
dependent lung region is prone to derecruitment at low
PEEP but displays high recruitment with increasing PEEP in
ARDS patients.13 Our EIT findings during adjustments in
PEEP are consistent with conventional physiological find-
ings, showing a regional tidal ventilation shift to the
dependent lung region at PEEPH. Similar findings were also
reported by Blankman et al14 in postcardiac surgery pa-
tients via EIT monitoring. Improvements in oxygenation
following PEEPH may be related to dependent lung
recruitment, as reversal of atelectasis in the most depen-
dent lung region precedes improvements in gas exchange
during stepwise lung recruitment maneuvers in children
with early ARDS.15 Of interest is the finding that rapid
equilibrium in regional lung ventilation was attained 5 mi-
nutes after PEEP elevation. Thus, further improvements in
oxygenation 60 minutes after increases in PEEP cannot be
explained by further changes in the regional ventilation
distribution.
DEELI is an important parameter in EIT16,17 and has been
used to reflect changes in EELV during suction in ventilated
patients and animals.18e20 DEELI has also been used to
follow EELV changes during PEEP titration in ARDS pa-
tients.21 The P/F ratio has been reported to be improved in
patients with primary lung disorders with high levels of
PEEP adjustment,12 and changes in EELV have been
Electrical impedance tomography study for ARDS 201reported to indicate changes in the P/F ratio in patients
undergoing lung recruitment maneuvers.22 The progressive
improvement in oxygenation following PEEP elevation re-
ported by Chiumello et al5 also confirms the findings of the
current study. In addition, we found that a progressive in-
crease in DEELI was a concomitant finding, and a significant
difference in DEELI was found between early and late
PEEPH as with the P/F ratio. As PaCO2, tidal volume, and
respiratory rate were not significantly different between
PEEPB, PEEPL, and PEEPH, we suggest that a gradual in-
crease in DEELI, namely increased EELV or functional re-
sidual capacity, was the most likely explanation for the
gradual improvement in oxygenation during extended
PEEPH in our cases.
23,24 Progressive increases in EELV with
sustained high PEEP may open the atelectatic lung region
and partially contribute to improvements in oxygenation. In
addition, changes in regional ventilation or DEELI following
PEEPH did not differ with time, suggesting that an increased
DEELI level is not restricted to a specific lung zone.
There are several limitations to the current study. First,
we did not measure lung volume. Accurate measurements
of lung volume are best determined by the gas dilution
method, which was not applicable using the current study
protocol.25 The use of respiratory inductive plethysmog-
raphy may be an appropriate alternative, although inac-
curacy may be another problem.26 Second, the severity of
ARDS in our patients at the time of the study was mostly
mild to moderate. Thus, the current results may not be
applicable to cases of severe ARDS. Third, the source of
impedance measured by our EIT monitor may not be limited
to lung gases; blood flow or body fluids are other possible
sources.27 DEELI was shown to be dependent on total
extracellular body water in a pig model.28 Thus, the
contribution of nongas factors to changes in impedance
cannot be completely ruled out. However, all of our
impedance data were filtered to reduce the possible
contamination of cardiac-related interference.27 In addi-
tion, EELV at 0 PEEP has been reported to be increased
more in ARDS patients in which a higher PEEP level has been
applied for 1 hour.29 These findings strongly suggest that a
continuous increase in EELV, as reflected by the DEELI in
the current study, is the most likely explanation for the
ongoing improvements in oxygenation following PEEP
elevation in our ARDS patients. Our study supports the use
of EIT in assisting ventilatory management of ARDS patient.
This finding is echoed by the successful application of EIT-
guided ventilator therapy in experimental lung injury of
swine.30
In summary, the present study reveals a possible role for
EIT in monitoring oxygenation status in ARDS patients
following PEEP elevation. Prolonged effects on the P/F
ratio following PEEP elevation were frequently seen in ARDS
patients, which correlated well with increased DEELI.
Monitoring ARDS patients with EIT may be useful in guiding
decision making about ventilator adjustments and classifi-
cation of ARDS severity.
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